Graphical Abstract Highlights d Nucleus-centrosome axis orientation is reverted during EMT in vivo and in vitro d Centrosome relocates from epithelial cell periphery to mesenchymal cell center d Centrosome position depends on the level of polymerized tubulin d Polarity reversal promotes disengagement and scattering of mesenchymal cells
INTRODUCTION
The epithelium provides a selective barrier for controlled directional transport in duct-containing organs such as the airway, intestinal tract, or secretory tubule glands. Cells of epithelial origin are internalized at specific developmental stages to subsequently form internal tissues (Acloque et al., 2009 ). As they do so, some epithelial cells convert to mesenchymal cells, which migrate into and populate the underlying interstitial tissues. This topological tissue remodeling, during which peripheral cells become internal cells, is accompanied by dramatic intercellular reorganization (Lamouille et al., 2014) . Epithelial cells disassemble the tight junctions they formed with their neighbors and that were ensuring the selective permeability. As they move inside, they lose the contact-free edge they had toward the outer medium and become fully surrounded by cells and the extracellular matrix (ECM) (Acloque et al., 2009) . Their secretory and endocytic functions, which were directed by the presence of this contact-free interface, are redistributed toward adhesive edges. Therefore, the epithelial-to-mesenchymal transition (EMT) not only involves reorganization of cell position and acquisition of a migratory phenotype but also implies a reorientation of cell function and polarity (Godde et al., 2010; Huang et al., 2012) .
Cell polarity is an intrinsic bias in internal cell organization, which is spatially adapted to extracellular cues and directs cell functions (Bornens, 2008) . In epithelia, intercellular junctions form a diffusion barrier between distinct plasma membrane domains and thus define the apical pole, toward the outer medium, and the basal pole, toward the ECM that cells are attached to (Rodriguez-Boulan and Macara, 2014) . The spatial segregation of cell-matrix adhesion and intercellular junctions physically separate the signaling and anchoring proteins with which they are associated (Burute and Thery, 2012) . The centrosome is off-centered toward the actin-rich apical pole (Hebert et al., 2012) , and microtubule orientation along the apicobasal axis directs intracellular trafficking (Akhtar and Streuli, 2013) . Together, the segregation of the two types of adhesions and the orientation of the microtubule network defines the apicobasal orientation of epithelial cell polarity from the ECM toward the contact-free edge. In mesenchymal cells, intercellular junctions are much weaker and do not define membrane domains as in epithelial cells. Instead, it is the cell migration machinery that directs cell polarity (Etienne-Manneville, 2013) . Here also, mutual exclusion of signaling pathways segregates actin network polymerization at the advancing cell edge and actin contraction at the retracting edge, and thereby defines the mesenchymal front-rear polarity axis. Centrosome positioning toward the cell front and the associated asymmetric microtubule network organization is pivotal for the establishment and maintenance of the front-rear polarity axis of migrating cells (Etienne-Manneville, 2013; Luxton and Gundersen, 2011) . Thus, during EMT the apicobasal polarity axis is converted into a front-rear axis (Godde et al., 2010; Nelson, 2009; Xu et al., 2009 ). The mechanism involved in the remodeling of cell internal polarity during this conversion has not yet been specifically addressed.
Simple geometrical considerations suggest that during EMT the epithelial polarity toward the contact-free edge is literally inverted toward the underlying basement membrane that mesenchymal cells digest as they move inward ( Figure S1 ). Several examples of such polarity reversals have been observed within simplified epithelia in vitro, in response to conditions that are closely similar to the changes that occur during EMT. Thus, modifying the composition of the ECM surrounding epithelial cyst, or modulation of integrin activation state, can induce the relocalization of polarity surface markers from the outside surface to the internal lumen and vice versa (Akhtar and Streuli, 2013; Nitsch and Wollman, 1980; Ojakian and Schwimmer, 1994; Rodriguez-Fraticelli et al., 2012; Wang et al., 1990; Yu et al., 2005) . While the characterization of the mechanism supporting the inversion of surface markers and membrane protrusions has been addressed (Bryant et al., 2014; Scarpa et al., 2015) , the reorganization of intracellular organization has not yet been studied. Interestingly, analyses of intermediate stages of developing chick auditory system and neural network, as well as observations of branching kidney tubules and inversion of thyroid follicles in culture, have suggested the existence of concerted repositioning of internal organelles such as nucleus, Golgi apparatus, lysosomes, and centrosome (Carney and Couve, 1989; Das and Storey, 2014; Nitsch and Wollman, 1980; Pollack et al., 1998; Yu et al., 2003) . The synchrony between centrosome repositioning and epithelial cell migration within the underlying mesenchyme led to the hypothesis that internal polarity reversal is instrumental in the initiation of cell migration (Carney and Couve, 1989) . This hypothesis is supported by the observation of nucleuscentrosome axis orientation toward ECM rather than intercellular junctions in cells that are prompt in scattering (Desai et al., 2009 ). However, epithelial transition to cell migration can occur without Golgi apparatus and centrosome repositioning (Anstrom and Raff, 1988; Revenu et al., 2014) . Indeed, all cells do not migrate with the centrosome in front of the nucleus (Higginbotham and Gleeson, 2007; Luxton and Gundersen, 2011; Pouthas et al., 2008; Tang and Marshall, 2012) . The centrosome locates behind the nucleus of migrating lymphocytes (Takesono et al., 2010) and its position in neutrophils (Yoo et al., 2012) and migrating fibroblasts (Yvon et al., 2002) is under debate. Some of the observed differences certainly come from the strong effect of cell microenvironment. Indeed, subtle variations of microenvironment geometry can reverse centrosome position in a given migrating cell type (Pouthas et al., 2008) , making difficult to compare in vitro and in vivo conditions. Furthermore, the mixed contributions of cell-cell contact, the process of migration itself, and the multiple mechanisms regulating, together or separately, the position of both the nucleus and centrosome add to the confusion (Luxton and Gundersen, 2011; Tang and Marshall, 2012) . Ultimately, whether centrosome position is a cause or a consequence of cell migration could not be clarified. New methodological approaches appeared to be required to test whether internal polarity is actually reversed during EMT and whether it promotes or follows the cell migration process.
Here we use in vitro models of mammary gland development (Debnath et al., 2003) and kidney tubulogenesis (Pollack et al., 1998) to study cell polarity during epithelial morphogenesis. To distinguish the effect of cell neighbors, cell migration, cell spreading, and adhesion remodeling on cell polarization, we use micropatterns to control the shape and position of cells forming doublets. We show that nucleus-centrosome axis reorientation occurs in the few hours following stimulation of mammary gland cells with transforming growth factor b (TGF-b) and kidney cell stimulation with either TGF-b or hepatocyte growth factor (HGF). Centrosome repositioning at the cell center appeared driven by a partial disassembly of the microtubule network and the release of Partitioning defective protein 3 (Par3) from intercellular junctions. Finally, we show that polarity reversal by centrosome repositioning occurs prior to cell scattering and was necessary for cell dissociation during EMT.
RESULTS

Polarity Reversal during EMT in Mouse Development
Several key developmental stages involve EMT and thus could display the polarity reversal we hypothesize. The first EMT event occurs at gastrulation, 5-6 days post fertilization. The primitive streak forms at the future posterior end of the embryo wherein a subset of epiblast cells differentiate into primary mesenchyme and ingress between the epiblast and endoderm layer (Acloque et al., 2009; Tam and Behringer, 1997) . Epiblast cells are marked by expression of nuclear T-brachyury along with breakdown of collagen IV ( Figure 1A ). Using g-tubulin as a marker for centrosome, we investigated the polarity of cell populations destined for different cell fates. The centrosome in epiblast cells was localized close to the amniotic cavity, resulting in a nucleuscentrosome axis oriented toward the cavity. The epiblast cells undergoing EMT showed higher T-brachyury expression and were positioned farther from the cavity. In these cells, centrosomes appeared to be relocated away from the cavity and the nucleus-centrosome axis pointed toward the endoderm layer ( Figures 1B and 1C ). This supported our hypothesis that upon the onset of EMT, when epiblast cells move inward to form the primitive streak, the nucleus-centrosome axis becomes inverted.
Later, at puberty, the ductal network within the mouse mammary gland expands by invading the surrounding fat pad. At this stage, specialized structures called terminal end buds appear at the end of the primary ducts (Hinck and Silberstein, 2005) . Cell rearrangement and the collective migration of cells out of the bud is based on partial EMT (as the cells did not transit up to individual migration) (Ewald et al., 2008; Godde et al., 2010) . Cell polarity axis orientation was inferred from the orientation of the Golgi apparatus with respect to the nucleus. In luminal cells, the Golgi apparatus was positioned toward the duct ( 2013). Interestingly, a few cells at the tip of the growing terminal end buds showed complete inversion of the nucleus-Golgi axis ( Figure 1D and Movie S1). Other cells near the tip displayed a mispositioned Golgi apparatus suggestive of intermediate stages of polarity reversal ( Figure 1D ).
We thus found indications of nucleus-centrosome axis inversion at two distinct stages of mouse development, supporting our working hypothesis of polarity reversal occurring during EMT. Investigating the mechanics of polarity inversion in vivo at single-cell resolution remains technically challenging. To obtain further insights into this process, we used simpler and more accessible working systems to study the induction and consequences of those polarity reversals whereby parameters of interest could be better controlled.
Polarity Reversal in 3D Mammary Gland Cell Culture Self-organized mammary acini in 3D gels recapitulate numerous features of native tissue, including epithelial cell polarization (Debnath et al., 2003) , and constitute a robust system amenable to induction of morphogenesis by the addition of growth factors (Debnath et al., 2003; Montesano et al., 2007; Seton-Rogers et al., 2004) . We used MCF10A 3D cultures as a model of mammary gland acini to investigate polarity changes that may occur upon induction of EMT by TGF-b (Xu et al., 2009; Zhang et al., 2014) ( Figures S2A-S2C ). After 7 days of culture in 3D gels of laminin-rich basement membrane (commercialized as Matrigel), MCF10A show acini-like structures with enriched apical actin indicating the site of a future lumen ( Figure 1E ). Non-treated cysts showed a regular arrangement of nuclei in a single layer and were placed equidistant from the acinus center ( Figure 1E ). This regular geometric organization was lost in cysts treated with TGF-b1 (5 ng/mL) for 5 days. The severe disorganization of cell arrangement in cysts was also associated with misorientation of the polarity axes ( Figures 1E and 1F ). We found a similar disorganization of acini assembled from MDCK cells of kidney origin upon treatment with HGF ( Figures S2D-S2G ). Thus, cell mispositioning and polarity axes disorientation are closely connected in these 3D architectures. This complex interplay between cell shape, position, and polarity raised a few central questions that are difficult to address in 3D culture systems. In particular, polarity misorientation could result from defective internal polarization mechanism or from a correct polarization in a perturbed context due to mispositioning of neighboring cells. Furthermore, cell migration is known to actively regulate both epithelial (Wang et al., 2013) and mesenchymal (Luxton and Gundersen, 2011) cell polarities, suggesting that cell motility could also actively direct polarity reorientation in these 3D cysts.
Polarity Reversal in Micropatterned Cells
It appeared necessary to dissect the role of cell polarization, cell positioning, and cell motion in tissue reorganization during EMT. This prompted us to work on a simpler but more controlled cellculture model, which can still recapitulate important aspects of morphogenesis (Thé ry, 2010) . We first aimed at eliminating the variable effect due to the presence of multiple neighbors and their movement by adapting a minimal tissue model of two cells confined on micropattern geometry. To prevent the possible effect of cell movement on polarity reversal, we looked for micropattern geometries that could block cell migration. Restricting micropattern size is not sufficient to prevent cell movement because cells can exchange their positions and rotate within the micropatterned area (Tseng et al., 2012) . Square-shaped micropatterns could not prevent the rotation of normal epithelial cells and were even less able to constrain that of TGF-b-induced mesenchymal cells (Figure 2A , left). Bowtie-shaped micropatterns stabilized the position of epithelial cells but could not prevent mesenchymal cell motion (Figure 2A, middle) . H-shaped micropatterns could block both epithelial (Tseng et al., 2012) and mesenchymal cell motion, placing them in similar and thus comparable conditions (Figure 2A, right) . Hence, H-shaped micropatterns were used in further experiments to compare epithelial and mesenchymal cell polarity.
Single MCF10A or MDCK cells were plated on H-shaped micropatterns and fixed 24 hr later to give them enough time to divide once and form daughter-cell doublets ( Figure 2B ). Nucleus-centrosome vector orientations were measured with respect to the nucleus-nucleus axis pointing toward the intercellular junction ( Figure 2C ). Nucleus-centrosome distances were normalized with respect to nucleus size ( Figure 2C ). Thus, positive coordinates corresponded to nucleus-centrosome axes pointing toward adjacent cells and large values to highly eccentric centrosome positions. Both epithelial MCF10A (cultured in defined medium) and MDCK cells (cultured in classical growth medium with serum) displayed marked polarization toward the intercellular junction ( Figure 2D ). Strikingly, MCF10A cells pretreated with TGF-b for 5 days and MDCK cells pretreated with HGF for 3 days both displayed the opposite polarity orientation ( Figure 2D ), although contacting cells were still interacting and pulling on each other ( Figures S3A and S3B ). This polarity reversal was also quantified by measuring the centrosome in epiblast cells and yellow arrows in cells expressing T-brachyury with nucleus-centrosome axis (white arrows) oriented away from amniotic cavity (marked c). Inset 2: anterior end of E8 mouse showing cells without T-brachyury and nucleus-centrosome axis pointing toward the amniotic cavity. Scale bar represents 20 mm. x coordinate along the nucleus-nucleus axis, hereafter referred to as the cell polarity index toward intercellular junction. The coordinate sign change attests to the centrosome repositioning from the nucleus side oriented toward the intercellular junction to the side oriented toward ECM adhesions ( Figure 2E ). Interestingly, in MCF10A treated with TGF-b, this polarity reversal was due to both centrosomes moving away from the junction to the cell center and nuclei moving away from cell-matrix adhesions toward the intercellular junction ( Figures 2E and S3C ). By contrast, in MDCK, positioning of nuclei was not affected by HGF treatment, and centrosome repositioning alone contributed to polarity reversal ( Figure 2E ).
Matrix Stiffness Promotes Polarity Reversal
We further investigated centrosome repositioning in other classical models of EMT. NMuMG and EpH4 are luminal mammary cells that are known to be highly sensitive to EMT induction (Lamouille and Derynck, 2007; Montesano et al., 2007) (Figures S2H and S2I) . To our surprise, when plated on micropatterns both cell types were polarized toward cell-matrix adhesion (mesenchyme-like polarity) and not toward intercellular junction. Since TGF-b was absent from the growth factor-defined serum-free culture medium, we reasoned that EMT might have been induced by the cell-culture substrate. Indeed, matrix stiffness is a potent EMT inducer (Markowski et al., 2012; Wei et al., 2015) . Cells were thus plated on micropatterned polyacrylamide gels of controlled stiffness (Vignaud et al., 2014) . On such soft substrates, cell doublets spread to a lesser extent and adopted a more compact geometry. When cultured on 10-kPa gels, EpH4 displayed a typical epithelial polarity with the nucleus-centrosome axis oriented toward intercellular junctions, opposite to their polarization on glass ( Figure 3A) . Stiffness had to be further reduced to 1 kPa for NMuMG to recover a typical epithelial-like polarity ( Figure 3B ). These results show that matrix stiffness is sufficient to induce polarity reversal in the absence of TGF-b and thereby predispose epithelial cells to a mesenchyme transition. They also revealed that polarity reversal is quite reactive to EMT factors and that it can be easily induced in sensitive epithelial cells in response to mechanical and/or biochemical stimulations.
Polarity Reversal Is an Early Feature of EMT Cell sensitivity to EMT inducers prompted us to evaluate the timing of centrosome repositioning during the EMT process. Although TGF-b treatment is known to take several days to induce a full EMT, the very first changes appear a few hours after TGF-b addition (D'Souza et al., 2014) . Cells were first plated on micropatterns and then treated with TGF-b for increasing periods of time. In MCF10A, centrosome repositioned in less than 24 hr ( Figure 2F ). In MDCK, TGF-b effects were detectable after 4 hr of treatment and polarity was reversed after only 8 hr. HGF effects on MDCK were even faster; the centrosome repositioned almost immediately and inversion was completed within 4 hr ( Figure 2F ). These data imply that centrosome repositioning is an early sign of EMT concomitant with the first changes in protein expression following TGF-b addition (D'Souza et al., 2014) . All further experiments were performed by 5-day treatment of TGF-b to MCF10A and 3-day treatment of HGF to MDCK unless specifically mentioned.
Microtubule Network Remodeling Accompanies Centrosome Recentering
We further investigated the mechanism by which centrosome leaves its off-centered position next to intercellular junctions to position at the cell center during EMT. Since centrosome positioning mostly depends on the microtubule network (Mimori-Kiyosue, 2011; Tang and Marshall, 2012) , we compared microtubule network architectures before and after induction of EMT to gain further insight into the mechanism supporting centrosome repositioning. TGF-b treatment induced a drop in the total amount of microtubules ( Figure 4A ). Interestingly, the portion of TGF-b treated cells, which retained their centrosome position toward the intercellular junction, like the control cells, harbored more microtubules ( Figure 4A ). These changes could be quantified by the diminution of polymerized a-tubulin intensity (Figure 4A) as well as the reduction in the number of EB1 comets ( Figure 4B ). These differences could be explained by a reduction of centrosomal microtubules, as suggested by the reduction in g-tubulin intensity ( Figure 4B ) and the number of EB1 comets at the centrosome ( Figure 4B ). These observations suggest that the high amount of microtubules may be responsible for centrosome off-centering in epithelial cells and that its decrease would promote its recentering in mesenchymal cells. We tested this new hypothesis by performing numerical simulations with Cytosim (Nedelec and Foethke, 2007) whereby the number of microtubules was modulated. Asters were constrained to grow in a confined space similar to the cell shape obtained on square micropatterns. Cytoplasmic dyneins were scattered throughout the cytoplasm so that their minus-end-directed motion could promote aster centering by exerting pulling forces on microtubules . Microtubules were allowed to glide along and to push on cell edges as they grew. Interestingly, at low microtubule numbers (10-100), asters moved and stabilized at the cell center, whereas with higher numbers of microtubules (200-350) the pushing forces exceeded the centering force and moved the centrosome off-center, toward the cell edge (Figure 4C and Movie S2). Measuring the final centrosome position in relation to the number of microtubules confirmed this observation ( Figure 4D ). Importantly, this behavior was quite robust and did not depend on the initial centrosome position ( Figure 4E ). We further experimentally tested whether increasing microtubule number in TGF-b-treated cells could restore centrosome off-centering close to the intercellular junction. To do so, we knocked down microtubule-destabilizing protein Op18/stathmin in TGF-b-treated cells (Belmont and Mitchison, 1996) . Fortyeight hours post stathmin small interfering RNA (siRNA) treatment; we observed clear restoration of centrosome position of EMT-induced cells along with an increase in the microtubule number ( Figure 4F ). The position of the nucleus-Golgi axis was also restored in the acini transfected with stathmin siRNA (Figure 4G ). In addition, 5 hr of taxol treatment to TGF-b-treated cells increased the microtubule bundles and also restored the offcentered centrosome position similar to that of non-treated cells ( Figure 4H) . These results suggest that the amount of polymerized tubulin was responsible for the transition from an off-centered microtubule network in epithelial cells to a centered conformation in mesenchymal cells.
Par3 Regulates Centrosome Repositioning during EMT
In our numerical simulations, no external bias was added to direct centrosome off-centering toward a specific cell edge. Partitioning defective protein polarity complex Par3/Par6/aPKC, b-catenin, and dyneins along intercellular junctions could actively bias this process by stabilizing and pulling on microtubules (Harris and Peifer, 2007; Ligon et al., 2001; Schmoranzer et al., 2009) . To test whether such a mechanism was active under our conditions, we first quantified microtubule abundance along the intercellular junction. Both tubulin intensity and EB1 comets were reduced along the junction of TGF-b-treated cells (Figure 5A) . Furthermore, the population of stabilized microtubules labeled by acetylated tubulin was significantly reduced at the cell-cell junction ( Figure 5B ). These results argued in favor of a mechanism of centrosome off-centering toward intercellular junctions in epithelial cells by local microtubule stabilization.
Intercellular junctions remained but were altered in TGFb-treated cells ( Figure S3 ). Disappearance of Par3 from intercellular junctions could be involved in centrosome release, since it has been shown to regulate centrosome positioning in a wide range of cell types ( and Sanson, 2011). Par3 is notably involved in centrosome translocation from central to apical positioning during mesenchymeto-epithelium transitions during neurulation (Hong et al., 2010) . As intuited, Par3 localization along intercellular junction was drastically reduced after a 5-day treatment of TGF-b ( Figure 5C ). Interestingly the junction density of Par3 along intercellular junctions appeared correlated to centrosome positioning: the higher the concentration of Par3, the closer the centrosome ( Figure 5C ). Inhibition of signaling downstream of TGF-b type I receptor by SB431542 (Inman et al., 2002) restored Par3 levels and centrosome off-centering toward the intercellular junction ( Figures 5C  and 5D ). Furthermore, downregulation of Par3 levels by Pard3 siRNA in untreated MCF10A cells increased the intercentrosome distance ( Figure 5E ), while Par3b overexpression in TGF-b (3-day)-treated cells restored centrosome position toward the intercellular junction ( Figures 5E and 5F ), further confirming Par3 implication in the regulation of centrosome repositioning during EMT.
Centrosome Repositioning Promotes Cell Scattering
Centrosome repositioning in immobilized cells on H-shaped micropatterns showed that it was not a consequence of cell motion. Nucleus-centrosome reorientation toward cell-matrix adhesion even suggested that cells were predisposed to separate. However, whether centrosome repositioning could actually trigger cell scattering remained to be tested. We first used micropatterned tracks on which cells were free to separate from each other. In three distinct epithelial cell lines, untreated cells stayed in contact whereas the majority of TGF-b-treated cells separated after division ( Figure 6A and Movie S3). Similarly, a singleendpoint assay based on internuclear distance in cell doublets revealed higher cell scattering in TGF-b-or HGF-treated cells ( Figure 6B ). Importantly, TGF-b-or HGF-treated cells that were still in contact showed twice as many conformations with reversed centrosome position compared with control cells, suggesting that centrosome repositioning preceded cell scattering ( Figure 6C ). We tested the positive effect of microtubule disassembly in cell scattering upon EMT induction by adding taxol to TGF-b-treated cells. Five hours of taxol treatment did reduce cell scattering ( Figure 6D ), while Par3 overexpression also had a modest reduction effect on cell scattering ( Figure 6D ). Interestingly, and consistent with our previous observations on centro-some repositioning, high stathmin levels have been shown to stimulate cell migration during EMT and cancer metastasis (Li et al., 2011; Lu et al., 2014) . Here, we observed a 30% drop in cell scattering upon stathmin knockdown ( Figure 6D ). As stathmin is activated by an MEK/ERK-dependent phosphorylation (Filbert et al., 2012) , we inhibited the MEK pathway in EMTinduced cells with UO126 and also observed a strong reduction of cell scattering ( Figure 6D) . These effects were likely due to centrosome repositioning rather than increased microtubule stability, which has been shown to promote rather than impair individual cell migration (Zhang et al., 2011) . Taken together, these observations support the view that EMT-induced cell separation is intimately coupled to centrosome recentering via stathmindependent microtubule disassembly.
To directly test whether centrosome repositioning was actually causing cell scattering we looked for a way to induce it, or not, before cells had the opportunity to move away from each other. We decided to use dynamic micropatterning to release confined cells with pre-established epithelial or inverted polarities.
Dynamic micropatterning relies on the use of click chemistry to graft RGD peptides to the polyethylene glycol (PEG) chains, preventing cell adhesion around micropatterns (van Dongen et al., 2013) . The mild conditions of the azide-alkyne cycloaddition offer the possibility to graft an RGD-alkyne compound to a PEG-azide chain in the presence of living cells ( Figure 7A) . Thus, micropatterned cells can start to migrate out of the micropattern upon addition and grafting of RGD groups to the PEG chains.
We first confirmed the expected outcomes of EMT induction, i.e., that most MCF10A epithelial cells remain in contact with each other while TGF-b-treated cells tend to separate within 4 hr after cell release by addition of RGD ( Figure 7B ). We further took advantage of the fact that not all TGF-b-treated cells reversed their polarity ( Figures 2D and 2E) to compare the scattering of TGF-b-treated cells depending on their pre-established polarity. For this, we used the larger Golgi apparatus rather than small centrosome markers to facilitate their detection by live cell microscopy. We saw a clear difference in scattering behavior of TGF-b-treated cells depending upon the initial orientation of their polarity axis: cells with the polarity axis pointing toward intercellular junctions (similar to non-treated epithelial cells) had less propensity (24%, n = 25) to separate from each other compared with cells with a polarity axis pointing toward cell-matrix adhesion (69%, n = 43) ( Figure 7C and Movie S4).
We further attempted to specifically interfere with centrosome repositioning in TGF-b-treated cells by reducing microtubule disassembly prior to cell release. Strikingly, cell scattering was reduced by 66% (n = 131) in stathmin knockdown cells and by 85% (n = 78) in taxol-treated cells compared with the control cells (n = 77) ( Figure 7D and Movie S5). Of note, all cells (control siRNA, stathmin siRNA, and taxol treatment) formed an intercellular junction when confined, but only cells with stabilized microtubules retained it after release from confinement. These experiments conclusively proved that, upon TGF-b-induced EMT, cells that maintained their polarity toward the intercellular junction behaved like epithelial cells with less scattering potential, while cells with inverted polarity were primed for cell scattering. Hence, we established that EMT induction involves polarity reversal by centrosome repositioning away from intercellular junctions to promote cell separation.
DISCUSSION
These results have revealed the existence of a global intracellular rearrangement occurring in the few hours following the addition of TGF-b, which therefore appeared as one of the earliest morphological signs of EMT that precedes the loss of intercellular connections. Microtubule network geometry and centrosome position rapidly adapt to early modifications of intercellular junction composition and notably to the reduction of Par3 concentration. Decrease in microtubule nucleation and polymerization, in addition to the decrease of selective microtubule stabilization along the junction, leads to centrosome displacement from the junction to the cell center ( Figure 7E ). Thereby the centrosome relocates on the opposite side of the nucleus. These intracellular rearrangements result in an effective reversal of internal polarity axis and are coordinated with inversion of cortical polarity component localization such as Par3 and podocalyxin ( Figures  5C and S2G ). Centrosome repositioning further promotes cell scattering ( Figure 7E ). As such, the centrosome-microtubule network appears to act as an extensive and sensitive spatial integrator of cell adhesion cues, allowing the orientation of cell internal polarity to adapt to changes in the cell's microenvironment.
How the centrosome adopts an off-center position toward intercellular junctions in epithelial cells is not well understood. Centrosome decentering is generally considered to rely on the production of pulling forces from a defined part of the cell periphery, as has been described during immune synapse formation (Yi et al., 2013) and spindle orientation (Thé ry et al., 2007) . Par3 is present along epithelial cell junctions and is capable of recruiting dynein, which pulls on microtubules (Ligon et al., 2001; Schmoranzer et al., 2009 ) and thereby can direct centrosome position as occurs during planar cell polarity establishment (Jiang et al., 2015; Sipe et al., 2013) , intestinal cell polarization (Feldman and Priess, 2012) , and neurulation (Buckley et al., 2012; Hong et al., 2010) . The correlation we observed between Par3 levels and centrosome position under our conditions (Figures 5C-5F ) are consistent with this off-centering mechanism.
However, a mechanism based on local pulling only would not be sensitive and efficient, as it would have to overcome the centering forces applied on all the other microtubules (Letort et al., 2016) . Numerical simulations suggested that some specific reorganizations of the microtubule network, including the elongation and increased number of microtubules, could circumvent this limitation by developing decentering pushing forces in the entire network (Letort et al., 2016) . Our experimental and numerical experiments are consistent with this view. In epithelial cells, microtubules were long and numerous and the centrosome was off-centered, whereas in mesenchymal cells microtubules were shorter and less numerous with the centrosome localized at the cell center. Microtubule length increase in mesenchymal cells by downregulation of stathmin expression level restored centrosome position to an off-centered, epithelial-like conformation. These observations were also consistent with the previous descriptions of decentered centrosomes in lipid vesicles (Pinot et al., 2009) or microfabricated chambers (Faivre-Moskalenko and Dogterom, 2002) when microtubules were longer than the diameter of the space in which they were confined.
The mechanism by which knockdown of stathmin prevented microtubule disassembly, centrosome repositioning to the cell center, and cell scattering in response to TGF-b is unclear. Stathmin modulates microtubule dynamics via its interaction with tubulin dimers (Belmont and Mitchison, 1996) but, interestingly, also affects microtubule nucleation at the centrosome (Ringhoff and Cassimeris, 2009) , which is consistent with our observation of reduced levels of g-tubulin and EB1 at the centrosome upon addition of TGF-b. In parallel, stathmin (also named oncoprotein 18) is known to be overexpressed in several forms of human malignancies and has already been suggested to contribute to oncogenic EMT (Li et al., 2011; Lu et al., 2014; Melhems et al., 1991) , in which polarity reversal would be worthy of investigation.
Importantly, our results show that centrosome-microtubule network geometry adapts to but also actively feeds back to the adhesion-actin network configuration. TGF-b-treated cells that did not undergo polarity reversal could not separate upon the release of spatial constraint, suggesting that the centrosome stabilizes the intercellular junction as long as it stays close to it and promotes the migration machinery as it comes closer to cell-matrix adhesions at the cell front. Indeed, microtubules interact and feed back with both types of adhesions (Akhmanova et al., 2009) . The centrosome and the junction exchange materials: some centrosomal proteins transit from centrosome to the junction, allowing local microtubule anchoring and stabilization (Gavilan et al., 2015; Lechler and Fuchs, 2007; Moss et al., 2007) . In return, microtubules stabilize the junction (Meng et al., 2008) , notably by the dynein-dependent recruitment of intercellular junction components such as occludin (Glotfelty et al., 2014) . Some translocated centrosomal proteins even promote junction reinforcement and epithelial cell acquisition of a columnar shape (Gavilan et al., 2015) . Similarly, when the internal polarity axis is directed toward cell adhesion to the ECM, microtubule density increases can promote actin polymerization and adhesion turnover and thereby foster cell migration (Etienne-Manneville, 2013) . Interestingly, during epithelial scattering occludin and Par3 have been shown to relocalize from the intercellular junction to the cell front, where they promote leading-edge protrusion and cell migration (Du et al., 2010) . Par3 relocalization was also observed in our working conditions on micropatterns. These considerations account for the capacity of centrosome relocalization from the intercellular junction toward ECM adhesions to actively weaken intercellular interaction and promote the cell migration machinery even before effective cell displacement, and thereby prime cell scattering.
In sum, our results provide new evidence for the key role of centrosome-microtubule network interplay with the adhesionactin system in the regulation of complex tissue remodeling. 
EXPERIMENTAL PROCEDURES
The description of the details of mouse embryo and mammary gland manipulation, 3D acini formation, cell culture and transfection, DNA constructs, drug treatments, antibodies, micropatterning, and microscopy can be found in Supplemental Experimental Procedures. The animal work was carried out under an an approved UK Home Office Licence with appropriate institutional oversight.
Cell Culture and EMT Induction MCF10A cells were cultured in Lonza MEGM medium (Lonza #CC3150) as described by ATCC protocol. MDCK, NMuMG, and EpH4 cells were cultured as described in Supplemental Experimental Procedures. EMT was induced by addition of 5 ng/mL TGF-b1 to MCF10A for 5 days, 2 ng/mL TGF-b1 to NMuMG and EpH4 for 3 days, and 10 ng/mL HGF to MDCK for 3 days. MCF10A 3D cultures were prepared by cultivating cells in Matrigel as described previously (Debnath et al., 2003) .
Cell Micropatterning
Micropatterns were obtained from CYTOO (www.cytoo.com) or homemade as follows. Micropatterns were fabricated by coating PEG on glass and exposing this coating to deep UV light through a chromium photomask (Azioune et al., 2010) . Soft-substrate micropatterning was achieved by polymerizing a mix of acrylamide and bis-acrylamide onto a micropatterned glass slide to transfer proteins from the glass onto the hydrogel (Vignaud et al., 2014) . Traction forces were calculated with an ImageJ plugin to measure gel relaxation field after cell detachment (Martiel et al., 2015) . Dynamic micropatterning was performed using click chemistry to bind BCN-RGD onto azide groups grafted on PLL-PEG (van Dongen et al., 2013) .
Cell Scattering on Line Micropatterns and Video Microscopy
A total of 150,000 cells were plated onto micropatterned lines on a 20 3 20-mm glass coverslip. Non-attached cells were rinsed away by medium exchange once few cells were attached to the micropattern to avoid obtaining several cells per line. Coverslips were then mounted onto video chambers (Chamlide, CM-s20-1). Cell motion was then video-recorded in transmitted light with a Nikon Eclipse Ti-E with 103 phase-contrast objective. Time interval was set to 15 min. Cell separation after division was then counted by visual inspection.
Quantification of Centrosome Position
Image analysis for centrosome positioning was performed using a series of macros in ImageJ. In brief, z projection of each color channel was obtained using the ''maximum z projection'' plugin followed by merging the four channels to obtain a composite image. Using the Pattern Alignment plugin (https://sites. google.com/site/qingzongtseng/template-matching-ij-plugin), images were aligned with the reference micropattern image. Nuclei in the DAPI channel were detected using image thresholding and object size criteria. Centrosomes were detected with similar thresholding and by using nuclei region of interest (ROI) as spatial reference. Finally the nucleus-centrosome vector was computed by subtracting coordinates of centrosome from nucleus coordinates and was normalized by the nucleus radius as indicated in Figure 2 .
Quantification of EB1 Comets z-Projected images of EB1 comets were obtained as described above. Background subtraction was performed using a rolling-ball radius of 50. For analyzing nucleation capacity of the centrosome, an ROI of 1.5 mm radius was drawn around the centrosome labeled by Ninein. EB1 comets were detected in the selected ROI by the ''Find Maxima'' Process.
Quantification of Microtubule Intensity
Images of microtubules were acquired using a TGF-b1 CSUX1-A1N spinningdisk microscope (Yokogawa) with 1003, 1.3 numerical-aperture objective and Evolve 512 EMCCD camera (Photometrics). z-Projected images ''maximum z intensity'' of a-tubulin staining were obtained as described above. An ROI of 46 3 46 mm was selected containing the cell pair on <H> micropatterns. Total intensity of the image was measured in ImageJ for each image to quantify total microtubule density in each cell pair. For quantification of microtubule density at the cell-cell junction, an ROI of 3.2 mm thickness was drawn along the cell-cell junction and the intensity of a-tubulin staining measured.
Quantification of Acini Polarization
Images of acini were acquired on a Nikon spinning-disk microscope at 603 oil objective with a z step of 500 nm. For determination of the angle a formed between normal to cell periphery and the nucleus-centrosome vector (Figure 1) , four to five central planes of acini images were selected to obtain single layers of cells at the center of the acini. A spatial reference line was drawn along the basal surface of cells, which was marked by phalloidin staining. Using the ''angle'' measurement in ImageJ the value of a (0 -180 ) was determined, providing the angle formed by vectors in the same plane. Only the plane in the middle of acini was considered for these measurements.
Numerical Simulations Using Cytosim Software
Simulations were performed using the Cytosim software (www.cytosim.org). Microtubules are considered as elastic fibers surrounded by a viscous fluid following Langevin dynamics (Nedelec and Foethke, 2007) . We simulated only microtubules nucleated from and anchored to a centrosomal complex. New nucleation of microtubules, microtubules unbinding from the centrosome, or steric interactions between microtubules are not taken into account. Microtubules can grow at a force-dependent speed, can undergo catastrophic events and shrink, and can undergo rescue events. Their bending elasticity is modeled following Euler's buckling description. Microtubules are initially uniformly distributed around the centrosome and can freely rotate around it. They are constrained into a rectangular space with a Hookean rappel force and will push against this border but can glide freely along it. Cytoplasmic dyneins are modeled as immobile objects spread into the cellular space that can bind/unbind microtubules and move toward the microtubule minus end when bound, thus generating a pulling force on the centrosome.
Statistical Analysis
The Mann-Whitney non-parametric test was used to compare differences between the samples. 
